Group 1 CD1 (CD1a, -b, and -c) presents self and foreign lipid antigens to multiple T cell subsets in humans. However, in the absence of a suitable animal model, the specific functions and developmental requirements of these T cells remain unknown. To study group 1 CD1-restricted T cells in vivo, we generated double transgenic mice (HJ1Tg/hCD1Tg) that express group 1 CD1 molecules in a similar pattern to that observed in humans (hCD1Tg) as well as a TCR derived from an autoreactive CD1b-restricted T cell line (HJ1Tg). Using this model, we found that similar to CD1d-restricted NKT cells, HJ1 T cells exhibit an activated phenotype (CD44 hi CD69 +
Introduction
The CD1 antigen-presenting molecules are similar in structure to MHC class I, but are specialized to present lipid antigens to T cells 1 . These antigens include mammalian self-lipids and foreign lipids derived from specific microorganisms that are loaded onto CD1 in the endosomal compartments of the cell [2] [3] [4] [5] [6] . Five members of the CD1 family have been identified and can be classified into three groups based on sequence homology 7 . Group 1 CD1 (CD1a, -b, and -c) and group 2 CD1 (CD1d) are expressed on the cell surface and act as antigen-presenting molecules, while CD1e acts as a chaperone to facilitate lipid delivery onto CD1b and CD1d molecules 8 . While humans express all CD1 isoforms, muroid rodents only express CD1d 1 .
To date, CD1d has been the most extensively studied member of the CD1 family.
CD1d presents lipid antigens to a unique subset of T cells, NKT cells. The best-known subsets
of CD1d-restricted NKT cells use an invariant TCRα chain (Vα14-Jα18 in mice and Vα24-Jα18 in humans); they are therefore referred to as invariant NKT (iNKT) cells 9 . Unlike most conventional T cells, iNKT cells exhibit an activated phenotype which is partly the results of their positive selection being mediated by CD1d-expressing thymocytes, instead of thymic epithelial cells 10 . iNKT cells rapidly secrete IFN-γ, IL-4 and other cytokines upon TCR stimulation 9, 11, 12 . Activated iNKT cells in turn activate DC, macrophages and NK cells and thereby impact subsequent B and T cell responses 13 . Therefore, iNKT cells play a critical role in bridging innate and adaptive immune responses.
In contrast to iNKT cells, our knowledge regarding group 1 CD1-restricted T cells is largely limited to the observation of long-term cultured T cell clones, as a suitable animal model has only recently been developed 14 . Group 1 CD1-restricted T cell lines have been isolated from human patients infected with Mycobacterium tuberculosis and Mycobacterium leprae.
These T cell lines express TCRαβ and belong to the DN, CD4 + and CD8 + T cell subsets 3, [15] [16] [17] [18] .
Some of these T cell lines respond to lipid antigens derived from the mycobacterial cell wall, suggesting that group 1 CD1-restricted T cells are involved in anti-mycobacterial immune responses 3, 6, 15, 17, 19 . Interestingly, the majority of the group 1 CD1-restricted human T cell lines
For personal use only. on . by guest www.bloodjournal.org From are autoreactive, indicating that autoreactivity may be a key feature of a substantial fraction of group 1 CD1-resticted T cells 2, 4, [20] [21] [22] . Indeed, a recent study showed that CD1a-autoreactive T cells could be readily detected in human peripheral blood 23 . It has been shown that autoreactive group 1 CD1-restricted T cell lines exhibit enhanced responses in the presence of TLR agonists or bacteria, indicating that these T cells may also be activated during infection 2, 24 . However, much regarding the developmental requirements and physiological role of these autoreactive group 1 CD1-restricted T cells is still unknown.
It has been reported that the TCR repertoire of human group 1 CD1-restricted T cells is highly diverse 2, 3, 23 , which is supported by our own studies of T cell lines derived from mice transgenic for the group 1 CD1 molecules (hCD1Tg mice) 14 . These transgenic mice express group 1 CD1 in a pattern mimicking that observed in humans and support the development of group 1 CD1-restricted T cells. Similar to human group 1 CD1-restricted T cell lines, the majority of the group 1 CD1-restricted T cell lines isolated from hCD1Tg mice are autoreactive, produce IFN-γ upon stimulation and specifically lyse group 1 CD1-expressing targets. One such T cell line is CD1b-restricted HJ1. To facilitate the study of these autoreactive group 1 CD1-restricted T cells in vivo, we generated a transgenic mouse that expresses the HJ1 TCR (HJ1Tg) and then crossed it onto the hCD1Tg background to generate HJ1Tg/hCD1Tg mice.
We found that the HJ1 T cells isolated from HJ1Tg/hCD1Tg mice maintain the CD1b- 
Materials and Methods

Generation of HJ1Tg mice
To generate HJ1Tg mice, the variable regions of TCR genes were amplified from HJ1 CTL genomic DNA using the following primer pairs: Vα8.5 forward-5′-TCCCCCCGGGCTTC TCACTGCCTAGCCATGCGTCCTGGCACCTGCTCA-3′ and Jα14 reverse-5′-ATAAGAATGCCGCGGCAGCCATGGTTCAGGTCCAAATACT-3′, and Vβ2 forward-5′-CCGCTCGAGAGGAAGCATGTGGCAGTTTTGCATTCTGTGC-3′ and Jβ2.3 reverse-5′-TCCCCGCGGCCCCTTCATTACAGCTCCCAACTTA C-3′. Amplified TCRα and β DNA fragments were cloned into pTα and pTβ vector 25 , respectively. TCR constructs were coinjected into fertilized B6 oocytes. Potential founders were screened for TCRα transgene by PCR using the following primers: forward 5′-TGACACCTGCTCAGTTCTTGTGC-3′ and reverse 5′-TAGCTTGTTCCCTGCACTTGG-3′, and for TCRβ expression by staining with anti-Vβ2 mAb. Two transgenic lines were established; the offspring of one line expressed both TCR transgenes and were further crossed onto hCD1Tg (line 78 hCD1Tg mice express CD1b and CD1c) 14 , Rag2 -/-and CD1d -/-26 backgrounds.
Mice
CD45.1 congenic B6, IFNγ -/-and Rag -/-mice were purchased from The Jackson Laboratory. hCD1Tg mice were crossed onto CD45.1 congenic B6 and IFNγ -/-backgrounds for this study. All animals were housed in specific pathogen-free facilities at the University of Chicago and Northwestern University, and all animal studies were approved by their respective
Institutional Animal Care and Use Committees.
Primary cell preparations and dendritic cell generation
Thymocytes, splenocytes, and hepatic leukocytes were isolated as described previously 14 .
HJ1 T cells were purified from the spleen or liver of HJ1Tg/hCD1Tg/Rag -/-mice through depletion of CD11b + and MHC II + cells using a magnetized MS column (Miltenyi, >90%
For personal use only. on October 31, 2017. by guest www.bloodjournal.org From 6 TCRβ + ). Bone marrow-derived DC (BMDC) were prepared using GM-CSF and IL-4 as described 27 . Human monocyte-derived DC were prepared by culturing adherent cells from peripheral blood leukocytes in RPMI-10 medium containing 300 U/ml hGM-CSF and 200 U/ml hIL-4 for 4 days. 
Antibodies and flow cytometry
Generation of BM chimeras
BM cells were depleted of mature T cells with anti-Thy1.2 mAb and rabbit complement. 
Statistical Analysis
Statistical analyses were performed using Prism software (GraphPad). The statistical significance of differences between experimental groups was analyzed using a Student's t test. A p value of <0.05 was considered statistically significant. 
Results
Generation of an autoreactive CD1b-restricted TCR transgenic mouse model
Most studies of group 1 CD1-restricted T cells have focused on their role in antigenspecific anti-mycobacterial host defense. However, a large proportion of group 1 CD1-restricted T cell lines isolated thus far are autoreactive 2, 4, 14, [20] [21] [22] [23] , raising the possibility that this unique T cell subset plays a significant role in immunity. To examine the function of autoreactive group 1 CD1-restricted T cells in vivo, we generated HJ1Tg mice that express a TCR derived from the CD1b-autoreactive T cell clone HJ1 14 . Rearranged variable region fragments from HJ1 CTL (Vα8.5-Jα14 and Vβ2-Dβ2-Jβ2.3) were cloned into TCR cassette vectors containing natural promoter and enhancer elements to direct expression of rearranged TCR genes in HJ1Tg mice.
As no anti-Vα8.5 antibody is commercially available, HJ1Tg founders and their progeny were The transcription factor PLZF has been recently shown to be expressed by several "nonconventional" T cell subsets that display an activated phenotype, including iNKT cells, MR1-restricted Vα19 T cells, and some γδ T cells [29] [30] [31] [32] [33] . We found that HJ1 thymocytes from HJ1Tg/hCD1Tg mice expressed similar levels of PLZF to iNKT cells ( Figure 2D 
DC-derived cytokines augments HJ1 T cell activation
DC-derived cytokines IL-12 and IL-18 have been shown to enhance IFN-γ secretion by iNKT cells 5, 35, 36 . To investigate whether similar mechanism(s) contribute to the enhanced HJ1 T cell activation in response to Pam 3 Cys-treated hCD1Tg BMDC, we examined the effect of anti-IL-12p40 and anti-IL-18 on HJ1 T cell activation. In a co-culture of HJ1 T cells and Pam 3 Cyspulsed hCD1Tg BMDC, the addition of anti-IL-12p40 reduced IFN-γ secretion by more than 80%, while the addition of an isotype control mAb had no effect ( Figure 5 ). Similar results were found when anti-IL-12p40 was added to a co-culture of HJ1 T cells and LM-infected hCD1Tg BMDC (Supplementary Figure 4) . Because the IL-12p40 chain is common to both IL-12 and IL- T cells produces IFN-γ as compared to NK1.1 -HJ1 T cells, while the proportion of IL-17A-producing cells were comparable between these two subsets (Supplemental Figure 7) .
It is worth mentioning that most of the group 1 CD1-restricted T cell lines isolated from humans and hCD1Tg mice (including HJ1) lack expression of NK markers 14, 17, 24 , perhaps resulting from repeated in vitro stimulation or in vivo activation. Loss of NK1.1 expression on murine iNKT cells upon activation is already well-described [37] [38] [39] . Thus, our finding suggests that autoreactive group 1 CD1-restricted T cells may contribute to the NKT cell repertoire in humans. It has been reported that T cells expressing NK receptors including CD56, CD161 and CD94 are substantially enriched in adult human liver 40, 41 . In fact, one-third of human hepatic T cells have been shown to express NK markers. Among them, only a small proportion expresses invariant TCR chains 40, 41 . Although some of these NKT cells could be CD1d-restricted type II NKT cells 42, 43 or activated classical MHC-restricted T cells 44 , it is possible that autoreactive group 1 CD1-restricted T cells may also reside within the NKT cell compartment of the human liver. Our finding that NK1.1 + HJ1 T cells are highly enriched in the liver of HJ1Tg/hCD1Tg mice supports this notion.
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